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Anthrax toxin consists of three different molecules: the binding component protective antigen (PA, 83 kDa), and the enzymatic components
lethal factor (LF, 90 kDa) and edema factor (EF, 89 kDa). The 63 kDa C-terminal part of PA, PA63, forms heptameric channels that insert in
endosomal membranes at low pH, necessary to translocate EF and LF into the cytosol of target cells. In many studies, about 30 kDa N-terminal
fragments of the enzymatic components EF (254 amino acids) and LF (268 amino acids) were used to study their interaction with PA63-channels.
Here, in experiments with artificial lipid bilayer membranes, EFN and LFN show block of PA63-channels in a dose, voltage and ionic strength
dependent way with high affinity. However, when compared to their full-length counterparts EF and LF, they exhibit considerably lower binding
affinity. Decreasing ionic strength and, in the case of EFN, increasing transmembrane voltage at the cis side of the membranes, resulted in a strong
decrease of half saturation constants. Our results demonstrate similarities but also remarkable differences between the binding kinetics of both
truncated and full-length effectors to the PA63-channel.
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The plasmid-encoded tripartite anthrax toxin comprises a
receptor-binding moiety termed protective antigen (PA) and two
enzymatically active components, edema factor (EF) and lethal
factor (LF) [1–3]. Both enzymatic components need the binding
component PA for delivery into target cells' cytosol where they
exhibit enzymatic activities. LF is a highly specific zinc-depen-
dent metalloprotease (90 kDa) targeting mitogen-activated pro-
tein kinase kinases (MAPKKs), e.g. MEK2, thereby initiating
still poorly understood mechanisms leading to the death of
some types of macrophages and to the inhibition of the release
of pro-inflammatory mediators like nitric oxide, tumor necrosis⁎ Corresponding author. Tel.: +49 931 8884501; fax: +49 931 8884509.
E-mail address: roland.benz@mail.uni-wuerzburg.de (R. Benz).
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doi:10.1016/j.bbamem.2008.01.007factor-alpha (TNF-α) and interleukin-1β (IL-1β) from macro-
phages [4–6]. Recently, also dendritic cells, B cells and T-cells
were found to be inhibited by LF [7–9]. Edema factor (89 kDa)
is a calmodulin- and Ca2+-dependent adenylate cyclase, inter-
fering with cell signaling by increasing the cytosolic cAMP
level, thereby altering water homeostasis [1,10,11]. In addition,
EF is believed to be responsible for the edema found in cu-
taneous anthrax and was found to be a very effective inhibitor of
T-cell activation and proliferation [12–14].
Protective antigen is secreted by Bacillus anthracis as water-
soluble precursor form PA83 (83 kDa) that undergoes pro-
teolytic activation by furin-type proteases [3,15]. A 20 kDa
fragment is cleaved off the N-terminus and the activated PA63
monomer is able to form heptamers, i.e. the prepore, binding to
cell-surface exposed receptors [13]. The prepore is endocytosed
and after acidification, it is responsible for translocation of EF
and/or LF into the cytosol of target cells [16,17]. Although the
crystal structure of the membrane-bound PA63-channel is still
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hypothetical model of the membrane-inserted pore are known to
date [15,18]. In addition, prominent structural and biophysical
features of the PA-channel were investigated, e.g. the channel-
forming properties of the PA-heptamer [19,20], blockage of the
channels by small molecules [21] and enzymatic compounds EF
and LF [22,23], the Φ-clamp, including the important loop
network for positioning of Phe-427 [24–26] and the potential
mechanism of translocation of the enzymes [27–30].
The study of the elusive translocation mechanism of the
enzymatic moieties of the binary A–B toxins was started from
different perspectives. Common approaches are the usage of the
N-terminal truncated versions of EF and LF (254 and 268 amino
acids, respectively) or the application of the chimeric LFN-DTA,
a fusion protein of the N-terminal part of LF with diphtheria
toxin A chain attached to its C-terminus for detection of suc-
cessful translocation [27,28,30]. However, especially the usage
of EFN and LFN has a major drawback since the molecules only
have a third of the original size. It was assumed that binding of
full-length LF and truncated LFN should be comparable [31,32],
although it was already hinted recently that LFN shows weaker
binding to the PA-pore as compared to LF [33].
Here we present detailed studies of EFN and LFN binding to
the PA63-pore in artificial bilayer membranes, indicating that the
truncated forms of edema and lethal factor show weaker binding
affinity to the protective antigen channels as compared to full-
length EF and LF. Additionally, we confirmed the increased
binding of the enzymatic moieties to PAwhen a hexahistidine-tag
is fused to the N-terminus [22,23,28,34], supporting the generally
accepted mode of N- to C-terminal translocation of the enzymes
through endosomal membranes. Furthermore, we present evi-
dence that the binding affinities of EFN and LFN to the PA63-
heptamers are highly voltage and ionic strength dependent.
2. Material and methods
2.1. Anthrax protective antigen PA63
Nicked anthrax protein PA63 from B. anthracis was obtained from List
Biological Laboratories Inc., Campbell, CA. One mg of lyophilized protein was
dissolved in 1 ml 5 mM HEPES, 50 mM NaCl, pH 7.5 complemented with
1.25% trehalose. Aliquots were stored at − 20 °C.
2.2. Cloning, expression and purification of truncated anthrax edema
factor (EFN) and lethal factor (LFN)
Genes coding for EFN (first 254 amino acids of EF) and for LFN (first 268
amino acids of LF) were sub-cloned from the plasmids pMMA187_EF [35] and
pGEX-2Tk_LF [36] in the BamHI site of the plasmid pRSET-A (Invitrogen).
The protein was expressed in Escherichia coli strain BL21 (DE3) (Novagen
Inc.) in a native form, fused to a N-terminal hexahistidine-tag and purified with
Ni2+-charged sepharose beads (Amersham Life Sciences). The proteins were
eluted with 250 mM imidazol, 10 mM Tris, pH 7.5, and dialyzed over night with
150 mM NaCl, 10 mM Tris, pH 7.5. The His6-tag was removed from His6-EFN
and His6-LFN by incubation with enteropeptidase as described elsewhere [22].
2.3. Lipid bilayer experiments
Experiments with painted lipid bilayers were performed as has been des-
cribed previously [37] using diphytanoyl phosphatidylcholine (Avanti PolarLipids, Alabaster AL) as membrane-forming lipid. The instrumentation consis-
ted of a Teflon chamber with two compartments separated by a thin wall. The
membrane hole between the two compartments had a surface area of about
0.4 mm2. PA63 was added from concentrated protein solutions after the mem-
branes had turned black. The temperature was maintained at 20 °C during all
experiments. The aqueous salt solutions were buffered with 10 mMMES, pH 6.
The PA-induced membrane conductance was measured after application of a
fixed membrane potential with a pair of silver/silver chloride electrodes with salt
bridges inserted into the aqueous solutions on both sides of the membrane. The
electrodes were connected in series to a voltage source and a home made current-
to-voltage converter made with a Burr Brown operational amplifier. The am-
plified signal was monitored on a storage oscilloscope (Tektronix 7633) and
recorded on a strip chart recorder.
2.4. Titration experiments with EFN and LFN
The binding of EFN, His6-EFN, LFN and His6-LFN to the PA63-channel was
investigated with titration experiments similar to those used previously to study
the binding of carbohydrates to the LamB-channel of E. coli or binding of
chloroquine to C2II- and PA-channels and EF and LF to PA63-channels in
single- or multi-channel experiments [21–23,38,39]. The PA channels were
reconstituted into lipid bilayer membranes from the cis side, the side of addi-
tion of PA. About 30–60min after the start of the reconstitution the rate of
channel insertion in the membranes became very small. Then concentrated
solutions of EFN or LFN (or their His6-tagged versions) were added to the cis
side of the membranes, i.e. the same side where PA63 was applied, while stirring
to allow equilibration. Fig. 1A shows an example for a titration experiment
where His6-EFN was added in increasing concentrations to the cis side of a
membrane containing about 3500 PA63-channels. The membrane conductance
decreased as a function of the concentration of His6-EFN.
The results of the titration shown in Fig. 1A and of similar experiments,
which all resulted in the block of the PA63-channels, were analyzed in a similar
way as performed previously [38]. The conductance, G(c), of a PA63-channel in
the presence of EFN or LFN (or their His6-tagged derivatives) with the stabi-
lity constant, K, and the EFN/LFN concentration, c, is given by the maximum
conductance (without EFN or LFN), Gmax times the probability that the EFN or
LFN binding site in the PA63-channel is free:
G cð Þ ¼ Gmax
1þ Kd cð Þ ð1Þ
Eq. 1 may also be written as:
Gmax  G cð Þð Þ
Gmax
¼ Kd c
Kd cþ 1ð Þ ð2Þ
which means that the conductance as a function of the EFN or LFN concentration
can be analyzed using Lineweaver–Burk plots. K is the stability constant for EFN,
His6-EFN, LFN or His6-LFN binding to the PA63-channel. The half saturation
constant, KS, of its binding is given by the inverse stability constant 1/K. Fig. 1B
shows the fit of the data of Fig. 1A using a Lineweaver–Burk plot. The good fit of
the experimental data by the straight line in Fig. 1B (r = 0.9978) suggests indeed
that the interaction betweenHis6-EFN and the PA63-channels represents a single-hit
process. From the data of Fig. 1B a stability constant, K, of (9.1±0.20)×107M− 1
(half saturation constant Ks = (11±0.27) nM) was calculated from a least-squares
fit for the binding of His6-EFN to the PA63-channel using Eq. (2).
3. Results
3.1. Evaluation of the stability constant of the binding of EFN
or LFN to the PA63-channel
The stability constant for the binding of EFN and LFN to the
PA63-channel were measured in multi-channel experiments, per-
formed as described previously [23]. Concentrated solutions of
either EFN or LFN were applied to the cis side of an artificial
lipid bilayer membrane, which contained many reconstituted
Table 1
Stability constants K for the block of the PA63-channel by EFN, LFN (left
column), His6-EFN and His6-LFN (right column) in lipid bilayer membranes
a
K [M−1] KS [nM] K [M
−1] KS [nM]
EFN His6-EFN
(6.0±0.6)×106 166.8 (2.4±1.5)×108 4.2
LFN His6-LFN
(5.0±0.8)×107 19.9 (1.0±0.6)×109 0.97
EF b His6-EF
b
1.45×108 6.9 62.5×108 0.16
LF b His6-LF
b
3.62×108 2.76 55.2×108 0.18
The data represent means of at least three individual titration experiments. KS is
the half saturation constant.
a The membranes were formed from diphytanoyl phosphatidylcholine/n-
decane. The aqueous phase contained 150 mM KCl, 10 mM MES, pH 6.0, and
about 1 ng/ml PA63; T=20 °C.
b Taken from [23].
Fig. 1. Titration of PA63-induced membrane conductance and interpretation.
(A) The recording shows the time course of the current for about 8 min before
addition of His6-EFN. The membrane was formed from diphytanoyl phospha-
tidylcholine/n-decane. It contained about 3500 channels. The aqueous phase
contained 1 ng/ml PA63-protein (added only to the cis side of the membrane),
150 mM KCl, 10 mM MES pH 6. The temperature was 20 °C and the applied
voltagewas 20mV. His6-EFNwas added at the concentrations shown at the top of
the panel. Note that EFN blocks only the PA63-channels when it is added to the
cis side of the membrane (data not shown). The bottom line represents zero level
of conductance. (B) Lineweaver–Burke plot of the inhibition of the PA63-
induced membrane conductance by His6-EFN. The straight line was obtained
from linear regression of the data points of Fig. 1A (r=0.9978) and corresponds
to a stability constant K, for His6-EFN binding to PA63 of (9.1±0.20)×10
7 M−1
(half saturation constant KS=(11±0.27) nM).
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was measured as a function of time (see Fig. 1A). Themean (± SD)
of the stability constant for EFN or LFN binding to the PA63-channel
was (6.0±0.6)×106M− 1 and (5.0±0.8)×107M− 1, respectively,
when the aqueous phase contained 150 mM KCl, 10mM MES,
pH 6.0. This means that the affinity for either EFN or LFN binding
to PA63-channels was more than 10 times smaller as compared
to full-length EF and LF (see Table 1).
3.2. His6-EFN and His6-LFN have a higher affinity for the
PA63-channel
EFN and LFN were expressed in E. coli with a His6-tag at the
N-terminal end for easy purification. For most of the experi-
ments the His6-tag was removed by treatment with entero-
peptidase. His6-EFN and His6-LFN exhibited an even higher
affinity for binding to the PA63-channel, as has previously
been described in detail for the full-length EF and LF [22,23],and the truncated form of LF, LFN or LF263 [28,29,34].
The half saturation constants for His6-EFN and His6-LFN
binding to the PA63-channel were on average 4.2 nM (K =
(2.4±1.5)×108M− 1) and 0.97 nM (K = (1.0±0.6)×109M− 1),
respectively, at an ionic strength of 150 mM KCl and a
membrane potential of 20 mV. This means that the stability
constants for binding for the His6-tagged enzymatic compo-
nents were roughly a factor of 20 higher than that those with-
out the N-terminal hexahistidine-tag (see Table 1).
The influence of the partially positively charged His6-tag on
EFN and LFN binding indicates again that the interaction bet-
ween the N-terminal end of truncated and full-length EF and LF
and the PA63-channels is based on ion-ion interactions similarly
as discussed in the case of LFN [29], EF and LF [22,23]. It is
noteworthy that the effect of the hexahistidine-tags for increased
binding of EFN and LFN to PA-channels is more striking as
compared to its efficacy on full-length EF or LF.
3.3. EFN and LFN block PA63-channels in a single hit process
The blockage of PA63-channels by EFN and LFN was also
studied on single-channel level. For this, only a few channels
were reconstituted into lipid bilayer membranes [23]. Fig. 2
shows an example of such an experiment. Only a minor amount
of the PA63 stock solution was added to the cis side of a black
lipid bilayer membrane followed by a step-wise increase of
conductance by insertion of PA63-channels. After 15min about
12 PA63-channels were reconstituted into the membrane. At that
time (arrow in Fig. 2) concentrated His6-EFN solution was ad-
ded to the cis side of the membrane (final concentration 50 nM),
resulting in a subsequent step-wise decrease of membrane
conductance caused by closing of the channels. Addition of
His6-EFN to the trans side did not influence PA63-mediated
conductance (data not shown). Interestingly, the PA63-channels
exhibited strong flickering and gating, indicating a dynamic
process for His6-EFN binding to the PA63-channel. The channels
closed almost completely after some time, demonstrating
complete His6-EFN-mediated channel block of PA63-channels
from the cis side (see Fig. 2). Complete blockage of the PA63-
Table 2
Ionic strength dependence of the stability constants, K, for the block of the PA63-
channel by His6-EFN and His6-LFN in lipid bilayer membranes
a
Ionic strength [mM] K [M−1] KS [nM] K [M
−1] KS [nM]
His6-EFN His6-EF
b
50 2.0×108 4.9 7.9×108 1.27
150 2.4×108 4.2 62.5×108 0.16
1000 1.7×106 547 3.4×108 2.93
His6-LFN His6-LF
b
50 4.2×108 2.4 31.6×108 0.32
150 1.0×109 0.97 55.2×108 0.18
1000 2.3×106 432 5.4×108 1.86
The data represent means of at least two individual titration experiments. KS is
the half saturation constant.
a Themembranes were formed from diphytanoyl phosphatidylcholine/n-decane.
The aqueous phase contained the indicated KCl concentrations, including 10 mM
MES, pH 6.0, and about 1 ng/ml PA63; T=20 °C.
b Taken from [23].
Fig. 2. Block of PA63-channels by His6-EFN observed on the single channel level. 50 mV were applied to the cis side of a diphytanoyl phosphatidylcholine/n-decane
membrane containing approximately 12 PA63-channels. His6-EFN was added in a concentration of 50 nM to the cis side of the membrane (arrow). All PA63-channels
subsequently closed, caused by binding of His6-EFN to the channels (150 mM KCl, 10 mMMES, pH 6.0). Note the change of the time-scale after the addition of the
concentrated His6-EFN solution.
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tidine-tags were removed (data not shown) but higher con-
centrations were needed for complete block of the channels (see
above).
3.4. EFN and LFN binding to PA63 is ionic-strength dependent
In another set of experimental conditions, the titration ex-
periments were repeated with different potassium chloride con-
centrations instead of 150 mM KCl. The results showed in
principle that the stability constants for EFN and LFN (and their
His6-tagged derivatives) binding to the PA63-channel were
highly ionic strength dependent. However, it was not possible
to measure the stability constants for binding of EFN and LFN
at an ionic strength of 1 M KCl because of the need of high
concentrations of these proteins in the titration experiments
due to the high half saturation constants. Even when high
concentrations of EFN and LFN were added to the cis sides of
the membranes, no binding was detectable in 1 M KCl (data
not shown). Thus it was only possible to measure the stability
constants for His6-EFN and His6-LFN binding. They increased
for decreasing ionic strength from 1 M KCl to 50mM by a
factor of more than 100 (from 1.7×106M− 1 and 2.3×106M− 1 to
2.0×108M− 1 and 4.2×108M− 1, respectively; see Table 2).
These results suggested that at least part of the binding pro-
cess between the PA63-channel and both EFN and LFN is
controlled by ion–ion interaction similar as in the case of full
length EF and LF [22,23].3.5. Voltage increases binding affinity of EFN and LFN to the
PA63-channel
PA63 channels show asymmetric voltage dependence. When
a negative voltage is applied for a longer time to the trans side of
the membrane the current shows decreasing behavior proba-
bly because of slow PA63-channel closure whereas positive vol-
tages up to 150 mV do not induce channel gating [21,23,28,40].
Binding of full length LF to the PA63-channels resulted in
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whereas such a behavior was not observed when full size EF
was added to the cis side of the membrane [22,23,41]. Addition
of EFN to the cis side resulted in a decrease of the membrane
current similar to that of the titration experiments (see above).
This means that EFN-binding to the PA63-channel was more
or less symmetrical for positive and negative potentials at the
cis side. Channel block was also observed when the side of
addition of PA63 and EFN, the cis side, was negative, whichmeans
that channel block was not reversible under these conditions. This
is demonstrated in Fig. 3, which shows voltage pulses of ± 20
to ±70 mV applied to the cis side of a membrane containing
about 500 PA63-channels and 100 nM His6-EFN (Fig. 3A) and
pulses from ± 50 to ±70 mV with 80 nM LFN (Fig. 3B). The
initial current response to the applied voltages was symmetricFig. 3. Current response of PA-channels in the presence of His6-EFN and LFN. Voltag
applied to the cis side of a diphytanoyl phosphatidylcholine/n-decane membrane in th
The aqueous phase contained 150 mMKCl, 10 mMMES, pH 6, and 100 nMHis6-EF
was 20 °C.with respect to the sign of the applied voltage. After the initial
current response to the voltage step the current decreased in
an exponential fashion. Following a voltage step of negative
sign at the cis side it decreased because of slow closure of the
PA63-channels, which had nothing to do with EFN/LFN binding
but reflects voltage-induced gating of the channel [21,23,28,40].
Positive potentials at the cis side resulted in an increased
binding of His6-EFN to the PA63-channels similar as has been
observed for full size EF [23]. Starting with about 20 to 30 mV
the stability constant for His6-EFN binding to the channel in-
creased considerably as the data of Fig. 3A (upper traces) clearly
indicate. This result indicated that channels, which were not
blocked before by His6-EFN at 10 mV closed as a result of the
higher voltage. The increase of the stability constant for bind-
ing could be calculated from the data of Fig. 3A and similare pulses between ±30 mVand ±70 mV (A) and ±50 mVand ±70 mV (B) were
e presence of 1 ng/ml PA63-protein (added only to the cis side of the membrane).
N (A) or 80 nM LFN (B), respectively, both added to the cis side. The temperature
Fig. 4. Voltage-dependence of His6-EFN and His6-LFN binding to the PA63-channel.
The stability constants of His6-EFN (squares) and His6-LFN (triangles) binding are
given as a function the appliedmembrane potential taken from experiments similar to
that shown in Fig. 3. Means of at least three experiments are shown.
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function of voltage) by the stationary current after the ex-
ponential relaxation and multiplying the ratio with the stability
constant derived at 10 mV. Fig. 4 summarizes the effect of the
positive membrane potential on the stability constant K for EFN
and LFN binding as a function of the voltage. With EFN, starting
with 20 mV, K started to increase and reached with about 60
to 70 mV a maximum. At that voltage K was roughly 4 times
greater than at 10 mV (see Fig. 4, squares). For higher voltages
the stability constant decreased probably because of secon-
dary effects of the high voltage on the PA63-channel or on EFN
binding. A significant increase of the stability constant for the
PA63- binding of LFN at higher applied voltages could not be
detected (see Fig. 4, triangles). Experiments with LFN showed a
different behavior because positive voltages caused a much
smaller effect on LFN binding (see Fig. 3B), which means
that the increase of the stability constant for LFN binding was
not as significant (see Fig. 4, triangles). It is noteworthy that
LFN-binding to the PA63-channel was not asymmetric with
respect to the sign of the applied voltage (Fig. 3B). This means
that LFN-binding does not induce a diode-like current-voltage
relationship as full size LF does. This result represents another
difference to that obtained with full size LF [22,41].
4. Discussion
In this study we investigated the interaction of the truncated
versions of anthrax edema (EFN) and lethal factor (LFN) to
PA63-channels in multi- and single-channel experiments in a
quantitative manner. We could show that EFN and LFN are able
to block PA-channels in a single hit process when applied to
the cis side of membranes with only few channels or with
many channels. Addition of EFN or LFN to the trans side of
a membrane with inserted PA-channels showed no binding
indicating the oriented insertion of the asymmetric PA-pore
in artificial and endosomal membranes in vitro and in vivo
[17,21,23]. Titration experiments with a large number of chan-nels allowed the calculation of half saturation constants in the
nanomolar range for EFN and LFN binding or the binding of
their His6-tagged derivatives. This means that the truncated
enzymatic components are still able to bind to protective an-
tigen channels. Examples for these experiments are shown in
Figs. 1 and 2. When compared to the full-length proteins, we
present clear evidence that the 30 kDa N-terminal fragments
show much weaker binding, i.e. the half saturation constants
increased by a factor of about 10–20 as compared to the binding
of full size LF and EF (see Table 1).
The crystal structure of the protective antigen heptamer is not
solved in its membrane-inserted conformation. However, the
structure of the water-soluble prepore is known and a hypo-
thetical model of the PA channel exists [15,18]. The structure is
derived from the Staphylococcus aureus α-hemolysin, reveal-
ing a mushroom-shaped heptamer with a 14-stranded β-barrel
inserted in the membrane and a large vestibule domain on the
cis side [42]. This means that the initial binding of the enzymatic
moieties will occur in the outer rim area of the channel, a fact
confirmed by numerous studies [24,32,43,44]. It was assumed
that the binding of full-length and truncated versions of EF and
LF shows roughly the same affinity, because the amino acids
which are known to be responsible for binding of EF and LF to
the PA63-channel are localized within the N-terminal part of the
protein, i.e. within the domains of EFN and LFN [31,32,43].
However, based on the results presented here, we propose that
additional interactions must exist either between the C-terminal
part of the enzymatic components EF and LF (amino acids 255
and 269 onwards, respectively) and the vestibule domain of PA,
or between C- and N-terminal domains of EF and LF that
strengthen the conformation of the N-terminal binding motif,
e.g. ion–ion interactions between Lys-169 and Asp-531, be-
cause binding of only the N-terminal 30 kDa of EF and LF
is reduced by a significant degree as shown in Table 1, left
column. Fig. 1 presents good evidence that the blockage of
the PA63-channels is a single hit process, as indicated by the
excellent fit of the experimental data by Lineweaver–Burk plots.
The single steps correspond to the size of previously recons-
tituted PA-pores into the membrane. This property of the
truncated forms of EF and LF is comparable to the full-length
enzymes as published previously [22,23,31,41].
Another prominent feature of the full-length enzymatic moie-
ties of anthrax toxin is the previously described increase of
binding to the PA63-channel caused by additional positively
charged groups attached to the N-terminus [22,23,28,34]. Here,
we confirmed the increased binding of EFN and LFN to PA-
channels in vitro when the proteins contained N-terminal
hexahistidine-tags. His6-EFN and His6-LFN showed an at least
20-fold increase of binding as compared to their counterparts
(see Table 1, right column). It has been previously described that
the binding of EF and LF to the heptameric PA63-channel is highly
ionic strength-dependent because at least part of the binding
between the enzymatic moieties and the PA63-channel is caused
by an interaction between oppositely charged groups localized on
both molecules [22,23]. In this study, we confirmed that ion–ion
interactions between EFN and LFN and PA63-channels are in-
volved in binding. Decrease of the electrolyte concentration from
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by a factor of more than 100 (see Table 2).
It has previously been shown that full-length LF binds to
the PA63-channel in a highly asymmetric manner with respect to
the sign of the applied membrane potential, which leads to an
asymmetric diode-like current–voltage curve [22,41]. However,
this effect was considerably less pronounced with truncated
LFN, which means that current–voltage curves were almost
symmetrical for positive and negative potentials at the cis side
(data not shown). This result indicates that LFN binding to
the PA63-channel is different to that of full size LF, indicating
that part of the diode-like behavior of full-size LF may be
localized within the region of LF that is missing in LFN. It
is noteworthy that EFN or LFN binding has nothing to do with
PA63-channel inactivation that can be observed at low ionic
strength and negative potentials applied to the cis side [21,40].
This voltage-dependent channel-gating is a unique property of
the heptameric PA63-channel.
Positive potentials at the cis side resulted in an increased
affinity of EFN binding to the PA63-channel. Starting with 20
to 30 mV the stability constant for EFN binding to the chan-
nel increased up to about 4-fold for voltages of 60–70 mV (see
Fig. 4). For higher voltages the stability constant decreased
slightly. A similar effect was also described for voltage-dependent
binding of full-length EF, but the increase of the stability constant
was higher [23]; this represents another indication that the PA63-
binding properties of the truncated enzymatic components differ
to their full-length counterparts, which may have also some
implications in vivo for the binding of EF to the anthrax-pore
bound to target cells (i.e. macrophages) because of their mem-
brane potential of about−60 to−80mV [45]. Thismeans that EF-
binding to target cells should be enhanced when the target cell is
polarized. Similarly, an effect of membrane voltage on EF-bin-
ding can also be expected in endosomes because of the action of
the H+-ATPase and several ion channels that result in positive
potentials inside the endosomes [46]. However, the magnitude of
endosomal potentials is not known, which means that it is not
clear if the potentials are able to decrease the half saturation
constant of EF-binding to the PA63-channels. On the other hand it
seems to be important for efficient cell intoxication that the PA63-
channels on its surface are all decorated with EF before clathrin-
dependent endocytosis occurs.
The considerations about the results presented in this study
suggest that ion–ion interactions contribute substantially to the
binding of EFN and LFN to PA. These interactions occur in
addition to a variety of amino acids in LF, which are known by
alanine-scanning mutagenesis to be responsible for LF bind-
ing to PA63 [32,43]. These amino acids are Asp-182, Asp-187,
Leu-188, Tyr-223, His-229, Leu-235, and Tyr-236 whose
mutation resulted in significant binding defects of LF to PA63;
effects that could be confirmed by mutation of the correspond-
ing amino acids of EF. This surface-exposed cluster of amino
acids, presumably involved in binding to PA, is formed by the
intersection of α-helices 1α6 and 1α10 and Tyr-223, projecting
outwards from helix 1α9 [43]. Here we present clear evidence
that at least some additional forces must be involved in EF and
LF binding to the PA63-channel. However, our results alsoindicate that EF and LF-binding to the PA63-channel are highly
related processes. From this point of view, both enzymes have
the same probability to penetrate inside the cells as it was also
found in vivo [8].
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